We employ a climate-driven hydrological water balance and sediment transport model (HydroTrend) to simulate future climate-driven sediment loads flowing into the Ganges-Brahmaputra-Meghna (GBM) mega-delta. The model was parameterised using high-quality topographic data and forced with daily temperature and precipitation data obtained from downscaled Regional Climate Model (RCM) simulations for the period 1971-2100. Three perturbed RCM model runs were selected to quantify the potential range of future climate conditions associated with the SRES A1B scenario. Fluvial sediment delivery rates to the GBM delta associated with these climate data sets are projected to increase under the influence of anthropogenic climate change, albeit with the magnitude of the increase varying across the two catchments. Of the two study basins, the Brahmaputra's fluvial sediment load is predicted to be more sensitive to future climate change. Specifically, by the middle part of the 21 st century, our model results suggest that sediment loads increase (relative to the 1981-2000 baseline period) over a range of between 16% and 18% (depending on climate model run) for the Ganges, but by between 25% and 28% for the Brahmaputra. The simulated increase in sediment flux emanating from the two catchments further increases towards the end of the 21 st century, reaching between 34% and 37% for the Ganges and between 52% and 60% for the Brahmaputra by the 2090s. The variability in these changes across the three climate change simulations is small compared to the changes, suggesting they represent a significant increase. The new data obtained in this study offer the first estimate of whether and how anthropogenic climate change may affect the delivery of fluvial sediment to the GBM delta, informing assessments of the future sustainability and resilience of one of the world's most vulnerable megadeltas. Specifically, such significant increases in future sediment loads could increase the resilience of the delta to sea-level rise by giving greater potential for vertical accretion. However, these increased sediment fluxes may not be realised due to uncertainties in the monsoon related response to climate change or other human-induced changes in the catchment: this is a subject for further research.
Introduction
The quantication of the ux of terrestrial sediment from catchments to the oceans is an important scientic challenge.
1
Sediment ux dynamics play a key role in the Earth's geology 2 and biogeochemistry, 3, 4 while signicantly inuencing the lives of the 500 million people who inhabit the world's river deltas. This is because deltas are depositional land features whose very existence is dependent on the continued supply of uvial sediment that created them.
Yet the inhabitants of the world's deltas are becoming increasingly vulnerable to ooding, and conversions of their land to open ocean due to rising relative sea levels. 5, 6 The degree to which delta surfaces are undergoing vertical changes relative to local mean sea level (DRSL) can be understood to be the result of a complex interplay between ve main factors:
such that if a delta is not to be 'drowned' by rising sea-levels, the delta surface aggradation rate (A) must equal or exceed the sum of the eustatic sea-level rate (DE) and subsidence associated with the natural (C N ) and/or accelerated (C A ) rate of compaction of the deltaic deposits, the latter being an anthropogenic component related to activities such as water and gas extractions, and other vertical movements of the land surface (M) associated, for example, with tectonics.
6
Based on an overview of the trajectories of these ve parameters in 33 representative deltas, Syvitski et al. 6 conservatively estimated that the area of deltas that are vulnerable to ooding could increase by as much as 50% during the twenty-rst century under current projected values for sea-level rise. For many of the world's deltas, even if it is frequently difficult to separate the precise contribution of the terms C N , C A and M, the dominant contribution to rising relative sea-level is oen land subsidence. For example, subsidence rates ranging from 50 to 200 mm per year have been observed in the Chao Phraya delta, 7 while in the Ganges-Brahmaputra delta recent satellite based estimates indicate that subsidence rates vary in the range 0 to 18 mm per year.
8,9
Meanwhile, global mean sea-level is currently (1993-2010) rising at 3.2 AE 0.4 mm per year, 10 increasing to as much as 8 to 16 mm per year by the end of the century.
11
Consequently, variations in delta surface aggradation rates (typically of the order of a few mm per year, but in some cases reaching 50 mm per year) can potentially balance the negative effects of subsidence and eustatic sea-level rise. Since delta surface aggradation is dominantly controlled by the rate of supply of uvial sediment, this supply of uvial sediment can be viewed as a key factor in sustaining delta surfaces above mean sea level, or at least delaying the onset of drowning. Indeed, anthropogenic disturbance, notably through soil conservation and damming, is invoked as a key historical driver for a significant (>30%) global reduction in uvial sediment ux during the latter half of the twentieth century, [12] [13] [14] [15] [16] further adding to the contemporary pressures on vulnerable deltas. 6 This relatively recent reduction in sediment ux sits within the longer historical context that sediment uxes previously tended, in many river systems, to be articially high due to deforestation and other poor land-use practices. 6 Meanwhile, in some cases, most notably the Mississippi River Delta, researchers have advocated that restoration of (disconnected) uvial sediment supplies is a potential means to naturally engineer delta building.
17,18
Therefore, to develop better estimates of the sustainability of fragile coastal environments, including the world's vulnerable deltas, there is a clear need to have accurate estimates of the uvial sediment ux. Unfortunately, the current state of the science is that such estimates are lacking. Many authors have commented on the general lack of reliable empirical data of sediment ux to the earth's coastal systems, but investigations of the responses of sediment ux to future environmental change requires the application of sophisticated numerical models. Despite advances made in recent years 1, 2, 19, 20 this form of modelling remains challenging and very few predictive studies of uvial sediment delivery under projected environmental changes have yet been undertaken. A notable exception is the recent study by Cohen et al.,
1 albeit this investigation was focused on historical (1960-2010) trends at the global scale, such that there remains a clear need for prognostic regional studies.
To address this signicant research gap, in this study we present the rst effort to model the plausible impacts of anthropogenic climate change in the 21 st century on the delivery of uvial sediment to the Ganges-BrahmaputraMeghna (GBM) delta. We focus on the GBM delta because the combined water ($1.07 km 3 per year) and sediment (>1 Gt per year 21 ) discharges from the Ganges and Brahmaputra catchments (note that we exclude the Meghna from consideration in this study as its sediment ux of around 13 Mt per year 22 is negligible in relation to the contributions from the Ganges and Brahmaputra) have built one of the world's largest ($115 000 km 2 
(ref. 23)) and most populous (>110 million

23
) river delta systems. Moreover, the massive sediment loads delivered from the GBM catchments are, at least under pristine conditions, sufficient to drive aggradation ($3.5 mm per year) that is sufficient to compensate for slow sea-level rise and subsidence. 8, 9, 21, 24, 25 For all these reasons, the GBM presents an ideal system to investigate whether climate-driven changes in future uvial sediment ux could compensate for (or compound) the adverse impacts of accelerated global sea-level rise and anthropogenic subsidence, particularly as the lives and livelihoods of so many people are at stake. To this end, we employ a well-established model (HydroTrend; 19 see below), parameterised and validated for the GBM catchments, and forced by daily temperature and precipitation data obtained from downscaled Hadley Centre (HadRM3P) Regional Climate Model (RCM) runs for the period 1971-2100. Specically, three realizations (here termed Q0, Q8 and Q16; see Section 2.3 for details) representing different sets of perturbed climate model runs are used to help quantify uncertainties in the range of future climate conditions simulated by HadRM3P under the SRES A1B scenario. The new data obtained in this study offer the rst estimate of whether and how anthropogenic climate change may affect the delivery of uvial sediment to the GBM delta, informing assessments of the future sustainability and resilience of one of the world's most vulnerable mega-deltas.
Methods
Model selection and description
In this study we selected HydroTrend v.3.0 (ref. 19 ) (henceforth we refer to the model simply as HydroTrend), a climate-driven hydrological water balance and transport model, to simulate water discharge and sediment load at dened outlets of the two study catchments (see below and Fig. 1 for details of catchment outlet locations). HydroTrend is a lumped catchment model and consequently is both relatively simple to parameterise and fast to run. It may be considered to be a rst order model that describes the major processes controlling uvial sediment supply from drainage basins, making it suitable for estimating water uxes and sediment loads over time scales that range from 10 1 to 10 5 years. 19 Its use here may be justied by the model's successful application in prior studies which have considered (i) the effects of climate change and glacier uctu-ations on sediment uxes from the Po River basin over the last 21k years; 26 (ii) long term sediment uxes to the coastal zone emanating from the Waipaoa River in New Zealand; 27, 28 and, (ii) the effects of reservoirs on uvial sediment ux. 29 Full details of the model development and implementation are provided by Kettner and Syvitski, 19 but a short summary is now provided for the sake of completeness.
HydroTrend rst generates daily water discharges (Q) at the dened river mouth by computing the balance between precipitation per unit area (P) and evaporation (E), but modied by water storage and release (Sr), such that:
The water balance expressed by eqn (2) is computed through the simultaneous partitioning of ve runoff processes at the daily time scale, namely rain (Q r ), snowmelt (Q n ), glacial melt (Q ice ), groundwater discharge (Q g ) and evaporation (Q Ev ) such that:
The various terms in eqn (3) are computed following Syvitski and Alcott 30 and Syvitski et al. 31 In brief, the basin climate (temperature and precipitation), together with a user-dened lapse rate (see Section 2.2), is used to determine the freezing line altitude (FLA) and thus the partitioning of precipitation into rain or snowfall. 19 Together with information about the basin topography (see Section 2.2), the time-varying FLA is then used to determine the basin areas required for the snow and rain subcomponents in eqn (3) . By similar means the glacier equilibrium line altitude (ELA) is employed to determine the proportion of the simulated basin covered by glaciers. HydroTrend also accounts for the inuence of basin geometry and river length in delaying the contribution of each of the hydrological subcomponents to the water discharge at the basin outlet and likewise estimates the inuence of discharge attenuation by lakes and reservoirs (see Syvitski and Alcott 30 ). Having computed the discharge at the basin outlet, HydroTrend next estimates the sediment discharge (Q s ) using a suite of semi-empirical relationships to account for both suspended sediment load and bedload, with an empirical function being employed to account for differences in sediment production related to uctuations in glacier extent. Sediment load is then predicted using the BQART module 4 where:
and
with A and R the drainage basin area and maximum relief, T the basin-averaged temperature, u a coefficient of proportionality dened as u ¼ 0.02 kg s À1 km À2 C À1 , and B is a factor to account for the inuence of lithology, sediment trapping efficiency of reservoirs and anthropogenic disturbance of land cover on the supply of sediment to the uvial network. The factor B is given by:
where L is the lithology factor and E h an anthropogenic disturbance factor (see Section 2.2 for details of these two parameters). Finally, the sediment trapping efficiency of reservoirs (T e ) is computed using the methods of Brown 32 for small (<0.5 km 3 ) reservoirs or Brune 33 and Vörösmarty et al. 34 for larger ($0.5 km 3 ) water bodies (see Kettner and Syvitski 19 for details). As implemented in this study, both the water and sediment discharges are simulated at a daily temporal resolution.
Model parameterisation
HydroTrend models for the Ganges and Brahmaputra catchments investigated in this study were set up by initially dening the locations of the respective catchment outlets ( Fig. 1): (1) at the Farakka Barrage (at 24.80 N 87.93 E) in eastern India for the Ganges, and; (2) at the conuence of the Jamuna River with the Ganges in Bangladesh (at 23.82 N 89.75 E; note that the Brahmaputra in Bangladesh is referred to as the Jamuna River). These specic locations were selected as they may be considered to be key boundary nodes for simulating the inux of sediment from the dominant uvial arteries into the GBM mega-delta complex. Locations further downstream were not selected to avoid the need to simulate delta distributary channels, whereas locations upstream are less representative of the sediment inux conditions to the delta. The topography of the drainage basins upstream of these catchment outlets was represented using hypsometric curves (Fig. 2) , which express the drainage area contained within each of a series of elevation bins (spaced in this study at 25 m vertical intervals). The topographic data used to compute these hypsometric curves were modelled using the Advanced Spaceborne Thermal Emission and Reection Radiometer (ASTER) Global Digital Elevation Model (GDEM) product, 35 with the drainage area in each elevation bin extracted using standard measurement tools within ArcGIS. The ASTER GDEM is a product of the Japanese Ministry of Economy, Trade, and Industry (METI) of Japan and the United States National Aeronautics and Space Administration (NASA) and comprises a 1 arc-second ($30 m) resolution grid of elevation postings referenced to the WGS84/EGM96 geoid, with an estimated accuracy (at 95% condence) of 20 m and 30 m in the vertical and horizontal planes, respectively.
The remaining parameter values used to characterise the biophysical properties of the two study catchments may be categorised into parameters whose values may be dened by direct measurement (the 'physical parameters' listed in Table 1 ) and those whose values are not directly measurable ('calibration parameters' in Table 1 ). Of the physical parameters, the length of the rivers (RivL) and oodplain gradients (S) upstream of the basin outlets were both extracted from the catchment DEMs described above, again using standard measurement tools within ArcGIS. We assumed that the lapse rate, LR, and initial equilibrium line altitude, ELA 0 (used in HydroTrend, together with a forcing temperature time series (see below) and basin hypsometry, to determine the proportion of the modelled catchments covered in glacial ice), were both identical for the two catchments, with their values being selected with reference to the International Civil Aviation Organization standard and Ya-feng et al., 36 respectively (Table 1 ). The baseows (Q base ) for the respective catchments equated to the mean annual ow minima as estimated from hydrological records for the gauging stations located at Hardinge (period of record 1973-1995) on the Ganges and Bahadurabad (1973-1995) on the Brahmaputra (see Fig. 1 for gauge locations). The storage capacities of reservoirs (R Vol ) were determined from Lehner et al., 37, 38 noting that the only signicant large reservoir in the baseline period (cf. Fig. 1 ) is the Farakka Barrage on the Ganges. The lithology factor (L) is a factor in the BQART model to account for surface resistance to erosion, and was parameterised following Syvitski and Milliman. 4 Similarly, E h is another factor in the BQART model and accounts for the effects of anthropogenic disturbance on suspended sediment ux, with the value of E h being 
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parameterised based on population density and GNP per capita.
4,19
For the calibration parameters listed in Table 1 , sensitivity analyses revealed that variations in the dry precipitation evaporation fraction (DPEF), saturated hydraulic conductivity (K 0 ), subsurface ow coefficient (f), and the subsurface ow exponent (g) all had a negligible effect on model behaviour. Therefore the values of these parameters were set to the middle of the ranges recommended by Kettner and Syvitski.
19 The hydraulic geometry parameters (k, m, a, b) were estimated using values taken from Clifford, 39 with the average river velocity parameter (V mean ) then being derived from these hydraulic geometry parameters for internal consistency. The maximum groundwater parameter (GWV max ) was found to have a signicant effect on peak water discharge and so was used as a calibration parameter by tting simulated (for the Q0 model runs) to measured water discharges. The initial groundwater value (GWV 0 ) was set at the value output by HydroTrend aer running the models for a 1000 year 'spin-up' using the rst year of climate data repeated (for both the Ganges and Brahmaputra catchments) to ensure that there were no trends in the groundwater value at the start of the model runs which might inuence water discharge output. The minimum groundwater parameter (GWV min ) was set to the minimum possible to allow the full potential range of groundwater values to be expressed.
The complete set of parameter values employed in the simulations reported herein is listed in Table 1 . Using these parameters, HydroTrend was employed to simulate water and sediment uxes at the study catchment outlets, for the climate change scenario discussed in the next section. The model was in all cases run continuously at a daily resolution for the period 1971-2100.
Anthropogenic climate change
The climate data used in this study were derived from an existing set 40 of regional climate model (RCM) simulations which allows for the development of full mesoscale circulations and captures important regional dynamics that occur remote from the specic areas of interest within the GBM catchments. Janes and Bhaskaran 40 have evaluated the HadRM3P simulations against a selection of high-resolution observational datasets, with a particular emphasis on the summer monsoon period of June to September. The RCM is found to be more skilful at reproducing both mean surface temperature patterns, and also performs better at simulating interannual variability in precipitation compared with the driving GCM. Given that sediment in the GBM catchments is dominantly transported during the monsoon months, and the importance of accurately simulating wet season precipitation when simulating these sediment loads, the use an RCM to force HydroTrend represents an important innovation of this study.
Simulations were run for the period 1971-2100 using observed greenhouse gas forcings for the historical period and the SRES A1B emissions scenario 45 for the future period. The SRES A1B scenario represents a medium-high emissions scenario that is consistent with much existing climate modelling work and which is fairly consistent with observed carbon emissions over the past two decades. 46, 47 Furthermore, the HadCM3 simulations used to drive the RCM use a perturbed physics ensemble (PPE) approach, whereby key climate model parameters, which have an associated uncertainty, are perturbed within an ensemble of simulations to produce a range of projections which reect the uncertainty in the parameters.
48-50
In total, the Met Office has run 17 perturbed versions of HadCM3 with associated HadRM3P simulations for the 130 year period from 1971-2100. 40, 51 However, to capture the range of these simulations and therefore their associated uncertainty, herein we employ only three members from this ensemble: referred to as the Q0, Q8 and Q16 runs, respectively ( Table 2 ). The Q0 run was selected as the standard model run in that it exhibits a mid-range (of the full 17 member ensemble) climate sensitivity to the A1B emissions forcing. In contrast, Q16 has the highest climate sensitivity (i.e. it is the ensemble member that exhibits the highest global temperature response to the A1B emissions forcing) and was therefore selected to represent an extreme end member of the ensemble. In principle, Q1 represents the ensemble member with the lowest climate sensitivity, but this run was not used in this study. Instead, the Q8 run was selected because, although it has similar sensitivity to Q0, it exhibits a different precipitation response. Specically, unlike the other ensemble members, the Q8 run shows a mid-century decrease in precipitation ( Table 2 ). The inclusion of the Q8 run therefore enables the impacts on sediment transfer processes of this possible climate response to be accounted for, even if the likelihood of this response can be considered to be relatively low.
Although the RCM provides precipitation and temperature data at the daily time step resolution required by HydroTrend, as discussed in Section 2.1 HydroTrend is not a spatially explicit model. Consequently, the RCM data were post-processed for use in HydroTrend by spatially-averaging the RCM precipitation outputs (for each daily time step during the 1971-2100 simulation period) over the geographic extents of the two study catchments. The daily temperature data were taken from the RCM grid cells corresponding to the basin outlet points, as is required for input to HydroTrend (i.e. Farakka Barrage for the Ganges and the Jamuna-Ganges conuence for the Brahmaputra, see Fig. 1 for locations) . The climate data sets used in the model simulations for each catchment are shown in Fig. 3 .
Results and discussion
Assessment of model performance
Our assessment of HydroTrend initially focuses on evaluating the model's ability to estimate predictions of daily water discharge during the historical period, prior to comparing HydroTrend derived estimates of mean annual sediment ux (also in the historical period) to values cited in the literature. However, as discussed further below, one of the notable features of the Ganges and Brahmaputra river systems feeding the GBM delta complex is the lack of detailed empirical data on their sediment loads, rendering an assessment of HydroTrend's ability to estimate uvial sediment delivery in these catchments challenging.
HydroTrend's ability to simulate water uxes was assessed by comparing simulated and observed runoff regimes. An example of the model output (for ow discharge at daily resolution) is presented for the Ganges, for illustrative purposes, in Fig. 4 . For View Article Online clarity, the simulated water ux data presented in Fig. 4 are for the Q0 model run only. Furthermore, and again for reasons of clarity, the data in Fig. 4 are shown only for the period 1981-1990. We emphasise that the goodness of t measures discussed below are derived for the entire period when the simulated data (which cover the period 1971-2100) overlap with ow years when there is no gap in the observed records. For both the Ganges and Brahmaputra this period of the overlapping record, used to assess HydroTrend's performance, is 1973 to 1995. In the analyses conducted below, it should also be noted that the model locations at which simulated data are obtained in each of the two study basins are not precisely spatially coincident with the closest available gauging stations (see Fig. 1 ). Specically, for the Ganges simulations are undertaken at the Farakka Barrage, whereas observed ows are based on the gauging station located at Hardinge Bridge. For the Brahmaputra, simulations are undertaken at a location close to the conuence of the Jamuna with the Ganges, downstream of the gauging station at Bahadurabad. Scatterplots of simulated versus observed daily discharges (for data from the Q0 model run) in the 1973-1995 assessment period are shown in Fig. 5a (for the Ganges) and Fig. 5b (for the Brahmaputra). It is evident that for both catchments there is a tendency for the model to over-predict higher ows, but to under-predict lower ows. The cross-over points, indicated where the red lines that represent the best t between the simulated versus observed data intersect the black line indicating the 1 : 1 t, are for both catchments close to the mean annual ows. Specically, on the Ganges, the observed (at the Hardinge Bridge gauge) mean annual ow of 10 770 m 3 simulated under the Q0 model run.
To further aid in evaluating the model's ability to simulate water uxes emanating from each catchment, we supplement the information shown in the scatterplots (Fig. 5a for the Ganges and Fig. 5b for the Brahmaputra) with three other goodness-of-t measures. First, to evaluate HydroTrend's ability to simulate ood ows we employ a mean discrepancy ratio (computed as the arithmetic mean of each ratio between the simulated and observed annual maxima in each year of the 1973-1995 record; n ¼ 22). We regard HydroTrend's ability to simulate peak ows as being of particular signicance for the current study since it is ood ows that contribute most to the transportation of uvial sediment. Second, we derive the root mean square error (RMSE) of the simulated versus observed daily ows, and nally we compute the Nash-Sutcliffe Index
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(NSI), again based on all daily ows in the 1973-1995 assessment period. These metrics are reported for each of the basins and for each climate change run in Table 3 . These metrics conrm that HydroTrend, on average, tends to slightly underpredict annual maxima on the Ganges (Me ¼ 0.950), but slightly over-predicts annual maxima on the Brahmaputra (Me ¼ 1.113), with both these quoted values corresponding to the Q0 run. Furthermore, with a NSI value of 0.623, the overall model performance for the Ganges is considered to be "good" based on the classication scheme of Henriksen et al., 53 but the 0.623 value falls very close to the threshold value (0.65) that would suggest a "very good" performance. For the Brahmaputra the NSI score of 0.420 is lower than for the Ganges. Consequently, HydroTrend's ability to simulate water uxes in the Brahmaputra basin in classied as "poor" according to the Henriksen et al. 53 scheme, albeit with the 0.420 value of NSI being close to the threshold value of 0.50 required for the model to be considered "fair".
The simulated sediment loads for the baseline period (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) can be compared to estimates of sediment loads as derived from a range of empirical studies. However, when undertaking such comparisons it must be acknowledged that estimating sediment loads on large rivers is challenging. In particular, on both the Ganges and Brahmaputra studies of sediment loads have been sporadic and oen of short duration, meaning that any individual estimate is subject to a high degree of uncertainty. For these reasons, we compare HydroTrend simulations of sediment load to empirical estimates of sediment load as obtained by a range of different authors. For example, Fig. 5c 58 ). However, the suspended sediment rating curves developed by Islam et al. 21 for the Brahmaputra at Bahadurabad give a much higher estimate of 1109 Mt per year, when applied using observed ow data for the period 1981-1995 (as noted above, these are the only years with complete ow data during the 1981-2000 baseline period). Fig. 5d shows that the range of model simulated sediment loads (595 Mt per year to 672 Mt per year, depending on the specic climate model run) is slightly 
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The preceding brief synthesis of prior studies of sediment loads in the study region supports the notion that the Brahmaputra's load is higher than the Ganges, and that the long term combined total sediment ux from both basins is roughly in the range 1000 to 1100 Mt per year. The results of the HydroTrend simulations for the 1981-2000 baseline period are consistent with this, with the aggregated simulated loads from both catchments varying in the range 1116 Mt per year to 1147 Mt per year, across the three climate model runs. Likewise, the simulated proportion of the aggregated total that is derived from the Brahmaputra varies in the range 53-59%, depending on the specic climate model run. This consistency between our model estimates of sediment ux in the baseline simulation period and the range of estimates cited by previous authors is encouraging, and for this reason we deem HydroTrend to be sufficiently reliable for the purposes of this study. (Fig. 6 ). senting an overall increase of 54% relative to the baseline period. Under the Q8 run mean annual ow reaches 17 549 m 3 s À1 by the 2090s, which is an identical proportional increase of 54% with respect to the baseline period. For the Ganges, mean annual ows simulated for the Q16 run are less than both the Q0 and Q8 runs, reecting the lower precipitation in this catchment for the Q16 run (see Fig. 3 ), but the proportional increase with respect to the baseline period is greater. is around 191 Mt per year (37%) greater than the baseline. For the Ganges, sediment loads for the Q16 run are less than both the Q0 and Q8 runs, reecting the lower precipitation in this catchment for the Q16 run (see Fig. 3 For the Brahmaputra basin, there is a strong increase in sediment loads throughout the coming century under the anthropogenic climate change scenario (SRES A1B) investigated herein (Fig. 6d) Prior to discussing any inter-basin differences in the simulated response of uvial sediment loads to future climate change and the signicance of these simulated future changes, it should be noted that for both catchments there are uncertainties associated with the predicted values of future sediment uxes that arise as a consequence of the range in the perturbed HadRM3P RCM-derived climatologies used to drive the HydroTrend simulations. However, these uncertainties are quite small: the overall ranges (across the Q0, Q8 and Q16 model runs) of predicted end of century (2090s) sediment loads are 78 Mt per year and 72 Mt per year for the Ganges and Brahmaputra, respectively; ranges that are within only AE11% (Ganges) and AE8% (Brahmaputra) of the 'standard' Q0 run totals. Moreover, for the Ganges the predicted increases in future sediment ux are sufficiently large that, by the 2050s, they exceed the uncertainties in the contemporary estimates of sediment ux (see Fig. 5c and d) . That is for the Ganges, by the 2050s, the increased uvial sediment ux 'signal' exceeds the uncertainties associated with using the RCM climatologies. The results are less clear for the Brahmaputra, but they are replicated if the single outlying estimate of contemporary sediment ux (see Fig. 5d ) attributed to the rating curve of Islam et al. 21 is discarded. If that latter estimate is retained, a clear increase in future sediment ux versus contemporary estimates on the Brahmaputra eventually emerges by the 2090s. Within this context it can also be noted that the end of century (2090s) predicted increases in future sediment ux from the Brahmaputra (of between 52% and 60%) are proportionally greater than the predicted increases in sediment ux from the Ganges (of between 34% and 37%), even though the simulated increases in water ow discharges are smaller for the former than the latter. The greater sensitivity, relative to the Ganges, of the Brahmaputra's uvial sediment loads to the climate change scenario investigated herein, is readily explained by the important inuence of increasing temperatures (see Fig. 3 and eqn (4)) in the Brahmaputra basin, which has a much greater proportion of its terrain at higher elevations (see Fig. 1 and 2) . Consequently, rising temperatures in the more heavily glaciated Brahmaputra basin have a stronger impact on sediment loads than in the less elevated Ganges basin.
It is evident from the above that substantial increases in sediment loads are predicted to occur under the climate change scenario explored in this study. Specically, the increases in end of century sediment loads that are projected from the Ganges (which range from an additional 161 Mt per year under the Q16 run to 191 Mt per year for Q8) and Brahmaputra (352 Mt per year under the Q16 run to 373 Mt per year under the Q8 run) amount to a combined increase of between 513 Mt per year and 564 Mt per year emanating from the two river systems. This represents an increase of around 50% over and above contemporary sediment loads. This raises an intriguing and important question: are these increases sufficient to buffer, through accelerated sedimentation, the adverse impacts of climate-change driven sea level rise in the GBM delta? Initially making the very crude assumption that all this additional sediment from the Ganges Table 4 Delta sedimentation rates may increase in response to the increases in fluvial sediment loads predicted in this study. The range of likely future sedimentation rate may be constrained by our upper bound estimate of end of century sedimentation rates (see text for details) and mean contemporary aggradation rates in different parts of the delta, the latter as synthesised from Wilson and Goodbred
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Description
Fan delta
Fluvial-tidal delta
Interior (uvial backwater) River mouth (tidal)
Upper bound limit of end of century aggradation rate (mm per year) (this study)
48-53
Contemporary sedimentation rates in regions of delta that are being constructed and Brahmaputra (i.e. 513 to 564 Mt per year) were retained on the surface of the eastern delta (which covers an area of $10 000 km 2 ), and further assuming an unconsolidated bulk density of $1060 kg m À3 , suggests that spatially-averaged deposition rates in the eastern part of the delta could be $48 to 53 mm per year greater than they are now by the end of the century. It is important to recognise that this estimate represents an absolute upper bound on what is possible: in reality, not all this additional sediment would be retained on the surface of the delta and deposition is not distributed uniformly across the delta complex (e.g. see Fig. 2b of Wilson and Goodbred
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). A recent synthesis 25 of contemporary sedimentation within different components of the delta complex offers a sensible lower bound estimate for future sedimentation rates. We therefore speculate that the increased sediment loads projected in our study may result in sedimentation rates that fall between these limits (Table 4) .
Since any additional accretion is cumulative, such increases in sediment loads could provide a substantial degree of additional resilience to the accelerated sea-level rise, of up to 1 m or more, that is projected to occur, due to climate change and/or increased subsidence, in the forthcoming century.
11 However, an important limitation on our results is that only climate change has been considered. Other catchment changes, such as increased water transfers and catchment storage, 59 may occur. Within the delta, ood defences and polders also exclude sedimentation except in extreme oods. 60 Using controlled sedimentation in polders to build elevation as sea levels rise is now recognised as a possible, but untested response in Bangladesh, 61 as well as in other vulnerable deltas across the globe. Hence, further research on all these issues is urgently required, including rening and improving estimates of present and future sediment uxes to the GBM delta.
Conclusion
This study offers the rst estimate of how anthropogenic climate change will affect the delivery of uvial sediment to the Ganges-Brahmaputra-Meghna (GBM) delta over the course of this century. A climate-driven hydrological water balance and transport model (HydroTrend) was employed to simulate water discharge and sediment load at the points at which the Ganges and Brahmaputra ow into the GBM delta complex. HydroTrend was parameterised using high-quality topographic data and forced, for the period 1971-2100, using temperature and precipitation data from downscaled Regional Climate Model simulations using variants of the SRES A1B emissions scenario. A comparison of simulated and observed water and sediment uxes during the historical period was undertaken to conrm HydroTrend's suitability for use in this study.
The key nding of this study is that uvial sediment delivery to the GBM delta is projected to increase under the inuence of anthropogenic climate change, albeit with the magnitude of the increase varying according to the specic catchment being considered. By the middle part of the 21 st century, we nd that sediment loads are projected to increase by between 16% and 18% for the Ganges, and between 25% and 30% for the Brahmaputra. As noted previously, a mid-century decrease in precipitation is simulated for the Q8 model run (see Table 2 ), but mid-century sediment loads under the Q8 run nevertheless increase on the Ganges and Brahmaputra, due to rising snow melt dominating over the reduced precipitation. We also nd that, as precipitation increases towards the end of the 21 st century, the projected increase in sediment ux emanating from the two catchments increases further, reaching between 34% and 37% for the Ganges, and between 52% and 60% for the Brahmaputra, by the 2090s, respectively. It is important to note that for both catchments the uncertainty, associated with the future sediment uxes predicted for the 2050s and 2090s across the perturbed HadRM3P RCM-derived SRES climatologies is relatively small. Moreover, for the Ganges the simulated increases in predicted sediment uxes are sufficiently large that, by the 2050s, they exceed the uncertainties associated with contemporary estimates of sediment ux (see Fig. 5c and d) . In other words, the increased uvial sediment ux 'signal' exceeds the uncertainties associated with the RCM climatologies by the 2050s. This is less clear for the Brahmaputra due to the outlier estimate based on the rating curve of Islam et al. 21 However, even if that latter estimate is retained, then a clear increase in future sediment ux versus contemporary estimates still emerges for the Brahmaputra by the 2090s.
These ndings are signicant for assessments of the future sustainability and resilience of the GBM delta which is one of the world's most vulnerable mega-deltas. An increase in climate-driven uvial sediment ux has the potential, through accelerated aggradation on the delta surface, to buffer some of the deleterious impacts of climate change that are associated with rising sea levels in the Bay of Bengal and which threaten the vulnerable GBM delta. The projected increase in sediment ux emanating from the GBM delta's sub-continental scale catchments therefore represents a potentially benecial impact of climate change (for the delta and its inhabitants). However, these potential benecial impacts of climate change remain subject to uncertainty and can only be expressed if more sediment actually reaches the delta. This may not be the case if anthropogenic disturbances within the feeder catchments, notably due to existing and proposed future construction of major dams, result in the delta becoming increasingly disconnected from the sediment supply that sustains it. Disconnection also occurs within the delta due to ood defences and polders, although interest in controlling sedimentation is growing. These aspects are important topics for further research.
